When the fungus GibbereUla fujikuroi ATCC 12616 was grown in fermentor cultures, both intracellular kaurene biosynthetic activities and extracellular GA3 accumulation reached high levels when exogenous nitrogen was depleted in the culture. Similar patterns were exhibited by several nonrelated enzymatic activities, such as formamidase and urease, suggesting that all are subject to nitrogen regulation. The behavior of the enzymes involved in nitrogen assimilation (glutamine synthetase, glutamate dehydrogenase, and glutamate synthase) during fungal growth in different nitrogen sources suggests that glutamine is the final product of nitrogen assimilation in G. fujikuroi. When ammonium or glutamine was added to hormone-producing cultures, extracellular GA3 did not accumulate. However, when the conversion of ammonium into glutamine was inhibited by L-methionine-DL-sulfoximine, only glutamine maintained this effect. These results suggest that glutamine may well be the metabolite effector in nitrogen repression of GA3 synthesis, as well as in other nonrelated enzymatic activities in G. fujikuroi.
Gibberellic acid (GA3) is an economically important, secondary metabolite (30) , the end product of the gibberellin (GA) pathway (7, 42) . The GAs are a large family of biosynthetically related tetracyclic diterpenes, naturally present in plants in which GA3 acts as a hormone, regulating many different growth processes (10, 42) .
GA3 is produced industrially by submerged cultivation of the fungus Gibberella fujikuroi-the perfect stage of Fusarium moniliforme (10) . Even though light (23) and extracellular glucose levels (9, 14) can affect the fungal synthesis of GA3, the latter has been reported to occur only under limited-nitrogen conditions (12, 14) . It was recently shown that the onset of GA3 production can be established before the end of the exponential growth phase when the fungus is cultivated in a complex medium (11) . Furthermore, GA3 synthesis was found in resting cells prepared from cultures harvested at different growth phases (40) . However, addition of nitrogen sources to both GA3-producing cultures and resting cell systems shut off GA3 formation (11, 12, 14, 40) . These studies suggest that ammonium or a product derived from nitrogen metabolism could be the metabolite effector of nitrogen repression of GA3 synthesis.
Although some enzymatic activities specific to the fungal GA pathway have been described (5, 17) , regulatory studies on these activities have not been reported. Little attention has been paid to the physiology of nitrogen metabolism in G. fujikuroi and its control (2, 26) . The exact mechanism by which nitrogen regulates the fungal GAs synthesis has not been elucidated (10, 14) .
Nitrogen catabolite repression has been extensively studied in the filamentous fungi Neurospora crassa and Asperi1-lus nidulans (4, 31, 45) . Preferentially, these fungi employ ammonium or glutamine as nitrogen sources. The depletion of either of these compounds leads to an increased synthesis of various enzymes which are required for catabolism of several secondary nitrogen sources, such as nitrate, purines, amides, amino acids, and proteins (31, 45) . This metabolic * Corresponding author.
adaptation is dependent on the nitrogen regulatory circuit. The latter involves a number of unlinked structural genes, simultaneously controlled by both major and minor regulatory genes as well as by metabolic inducers and nitrogen catabolic repression (4, 31) . Glutamine has been identified as a key metabolic repressor in the nitrogen regulatory circuit (31, 45) , although its exact role has not yet been defined. It has been proposed that glutamine interacts directly with the major gene product, converting it into an inactive form and turning off the regulated gene expression (31) . Several nitrogen-regulated genes have been cloned, and their transcriptional regulation has been demonstrated (24, 28) . Metabolically, glutamine can be considered the final product of nitrogen assimilation (32) . This fact confers upon glutamine the ability to regulate nitrogen flow in the cell; therefore, this amino acid may be an intracellular indicator of the state of the extracellular nitrogen content.
In this work, we have studied whether a similar nitrogen control system is also operative in G. fujikuroi, governing activities subject to nitrogen regulation, particularly those related to GA3 synthesis. First, we characterized physiologically GA3 production in fermentor cultures. The extracellular accumulation of GA3 and the incorporation of radioactive mevalonic acid into kaurene, by cell extracts, were related to the extracellular nitrogen content. Several enzymatic activities of nitrogen catabolism and assimilation were examined. Second, the participation of glutamine as the metabolic repressor in the nitrogen control system in G. fujikuroi was studied. Finally, the effect of ammonium on GA3 production was determined under conditions in which ammonium conversion into glutamine was inhibited by the presence of medium supplemented with 8% glucose and ammonium tartrate as a nitrogen source. The nitrogen concentration was varied according to the experiment. The basal medium had the following composition (in grams per liter of distilled water): KH2PO4, 5; MgSO4 7H20, 0.5; and salts solution, 10 ml. The medium was buffered with 100 mM sodium tartrate, pH 4.5. The salt solution contained (in milligrams per liter) the following: FeSO4. 7H20, 200; ZnSO4. H20, 200; CaCl2 2H20, 100; CuSO4 5H20, 20; CoCl2. 6H20, 20; NaB407. 10H20, 20; Na2MoO2 2H20, 20; MnSO4-H20, 20; and Na4-EDTA, 600.
(ii) Shake flask cultures. Cultures were grown in 500-ml conical flasks containing 100 ml of medium with 25 mM nitrogen. Mycelia from 7-day-old slant tubes were suspended with 12 When the effect of nitrogen sources on mycelial growth was evaluated, the fungus was cultivated in 250-ml conical flasks containing 20 ml of medium with 10 mM nitrogen. The flasks were inoculated, as described above, and incubated at 30°C without agitation. Growth was determined, during the exponential growth phase, at 4 days of incubation.
(iii) Fermentor cultures. These cultures were carried out in a New Brunswick BioFlo lIc fermentor equipped with a 2.5-liter vessel, which was inoculated with a 20-h shake flask culture. Fermentation conditions were as follows: 30°C, agitation at 400 rpm, aeration with sterile air at 1 liter/min (0.4 VVM), and 46 mM nitrogen. As required, a watersoluble silicone antifoaming agent was added.
Preparation of crude cell extracts. Mycelial samples were harvested by filtration through Whatman no. 1 filter paper, washed with distilled water, and frozen at -20°C. The samples were lyophilized and weighed before being ground in a mortar with Pyrex glass powder. The resulting fine powder was suspended for 1 h at 4°C in 8 volumes of extraction buffer (0.1 M phosphate buffer [pH 7.4], 15% glycerol, 5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride). The resulting paste was centrifuged at 10,000 x g for 30 min at 4°C. The supernatant obtained was centrifuged again as before, and the lipid layer was removed. The supernatant was employed as the source of enzymes and was stored at -20°C until used.
Enzyme assays. NADP-glutamate dehydrogenase (GDH; EC 1.4.1.4) was assayed as described by Fincham (18) , and NADH-linked glutamate synthase (GOGAT; EC 1.4.1.14) was assayed as described by Boland and Benny (8) . Both activities were determined by following the oxidation of NADPH or NADH at 340 nm. Specific activities were expressed as the absorbance changes per milligram of protein per minute. Glutamine synthetase (GS; EC 6.3.1.2) was assayed by hydroxamate formation (39) . Formamidase (EC 3.5.1.9) and urease (EC 3.5.1.5) were assayed by quantity of ammonium released from the respective substrates, as previously described (21, 41 Miscellaneous methods. The ammonium in the culture medium was quantified by the phenol-hypochlorite method as described by Muftic (33) ; GA3 was measured fluorimetrically as described by Kavanagh and Kuzel (25) . The protein concentration was determined by a modified Lowry method (43) . Growth was determined gravimetrically from lyophilized samples or as previously described (16 
RESULTS
Physiology of GA3 production in fermentor cultures. (i) Onset of GA3 synthesis. Extracellular GA3 could not be detected until the nitrogen source was totally depleted from the culture medium (Fig. 1A and B ). GA3 appeared 24 h after the depletion of exogenous nitrogen, when the stationary growth phase had been established.
In order to examine the GA3 pathway, cell extracts (300 ,ul [equivalent to 1. (Fig.  1B) . A low, but significant, synthesis of kaurene was detected in extracts prepared from mycelial samples taken during the exponential growth phase. This basal or constitutive level of activity corresponds to a 0.2% transformation of mevalonic acid into kaurene. Kaurene biosynthesis increased by a factor of 10 after 35 h of cultivation and reached a steady state after 47 h. The maximum was 30 times higher than the basal level, coinciding with high rates of GA3 production. The increase in the kaurene biosynthetic activities was determined 11 h after the exogenous nitrogen was depleted and 12 h before GA3 was detected extracellularly in the culture medium.
(ii) Development of formamidase and urease activities. Several enzymatic activities related with the catabolism of secondary nitrogen sources were examined. Although urease showed a basal level during the exponential growth APPL. ENvIRON. MICROBIOL. phase, it subsequently increased like formamidase, when the culture neared the end of exponential growth phase (Fig.  1C) . Both activities evolved, without substrate induction, in a manner similar to kaurene biosynthesis.
(iii) Development of activities related to nitrogen assimilation. As shown in Fig. 1D , the three enzymatic activities by which the cellular nitrogen is assimilated, i.e., GDH, GS, and GOGAT, were found in G. fujikuroi. GOGAT and GDH showed a nearly constant level of activity during the first 40 h of incubation. Both then decreased, coinciding with the onset of the stationary-phase growth. Interestingly, the GS activity doubled immediately after depletion of extracellular ammonium, i.e., before the amidases and GA3 synthesis could be detected. The maximum GS activity was (Fig. 2) . Thus, the former compounds can be considered as easily assimilated nitrogen sources in G. fujikuroi.
(ii) Effect of nitrogen sources on the activity of nitrogenregulated activities. Preliminary results showed that formamidase is a nitrogen-regulated enzyme. When mycelium of G. fujikuroi (expressing formamidase activity) was transferred to an ammonium-rich culture, formamidase activity decreased. Conversely, activity increased in a medium without nitrogen (not shown). The effect of ammonium, as well as two other easily assimilated nitrogen sources, on several putative nitrogen-regulated activities was then compared ( Table 1 ). The results show that all the activities tested were lower in the presence of glutamine.
To test the possibility of an inhibitory effect of glutamine or ammonium on these activities, enzymatic assays were a Fungus was cultured for 20 h in a 500-ml shake flask with 100 ml of medium containing 50 mM nitrogen sources, as indicated, before harvesting. AA, change in absorbance. conducted in the presence of either of these compounds at 10 mM. Under these in vitro conditions, we did not find any inhibitory effect on either formamidase (not shown) or kaurene biosynthetic activities (2.8 x 103 and 2.6 x 103 dpm, respectively).
(iii) Effect of ammonium and glutamine on the production of GA3. The effect of ammonium and glutamine on the rate of GA3 production in both the presence and absence of MSX was studied. MSX almost completely inhibited mycelial growth of G. fujikuroi in cultures containing ammonium as the sole nitrogen source, while growth occurred normally when glutamine-or a mixture of ammonium and glutamine-was used as a nitrogen source (Fig. 2 and data not  shown) . Thus, when the inhibitor is present, the fungus employs glutamine as its exclusive nitrogen source. MSX did not inhibit the biosynthesis of kaurene, as assayed in cell extracts of G. fujikuroi (2.7 x 103 dpm).
In shake flask cultures, GA3 was detected after 72 h in the extracellular medium. At this point, addition of several nitrogen sources prevented extracellular GA3 accumulation (Fig. 3A) . The addition of 10 mM ammonium or glutamine stopped extracellular GA3 accumulation, maintaining GA3 levels three times less than control cultures, for at least 20 h. In cultures in which only MSX was added, GA3 production occurred normally, although only 75% of the hormone production was achieved compared with that in the control without MSX (Fig. 3) . As expected, the repressive effect of ammonium was prevented by MSX (Fig. 3) , while glutamine repression occurred both with and without MSX. Finally, when ammonium, glutamine, and MSX were combined, GA3 production was inhibited (results not shown). 
DISCUSSION
Nitrogen control of GA3 production is a good system to study the regulation of secondary metabolites. This compound originates exclusively from carbon precursors (7, 10, 42) and therefore is not directly related to nitrogen metabolism, as are many other secondary metabolites, e.g., antibiotics (1, 37) .
This work investigated the mechanism of nitrogen control on the GA3 pathway in G. fujikuroi. A low but significant level of kaurene biosynthetic activity was present during the exponential growth phase. Kaurene synthesis is dependent on the activity of the isoprenoid pathway, as well as that of the first GA3 pathway enzyme, kaurene synthetase (7, 10, 17, 42) . Our results confirm previous studies which indicated that the isoprenoid and GA pathways were constitutively expressed (6, 35, 36, 40) . These results imply that GA3 is synthesized at very low levels during the exponential growth phase and could be responsible for several fungal processes, as already suggested (34, 35) .
Several enzymatic activities related to nitrogen metabolism were expressed simultaneously with the onset of GA3 synthesis. This strongly suggests that all of these activities are nitrogen regulated and may be subject to the same type of control. The development of formamidase and urease activities was similar to that reported in other fungi (21, 22, 41) .
Nitrogen assimilation in G. fujikuroi exhibited similarities to those described for N. crassa (31, 32) . Under conditions of ammonium sufficiency, GDH-NADPH and an octameric form of GS are involved in ammonium assimilation in N. crassa (27, 29) , while under nitrogen limitation, ammonium is assimilated by GS and GOGAT (20, 24) . Considering that the levels of these activities were lower when glutamine was the nitrogen source, we propose that this amino acid may well be the final product of nitrogen assimilation in G.
ffujikuroi.
Glutamine has been reported to cycle in N. crassa (32) . This cycling is required to drive an effective carbon flow to support growth and would facilitate the allocation of nitrogen and/or carbon according to cellular demands. If a similar cycle operates in G. fujikuroi, the effect of MSX on GA3 production could be explained. For example, when GS is inhibited by MSX, the cycle stops and energy charge increases. This would result in a decrease in the carbon flow and consequently on the availability of precursors for biosynthesis (19) . Clearly, more detailed studies are necessary to elucidate this hypothesis.
Glutamine does not act directly on any specific activity of the GA pathway, at least not on enzymes responsible for the synthesis of kaurene. Two possibilities may explain the role of this amino acid on nitrogen control. First, glutamine may affect enzyme stability, as proposed in the regulation of protein turnover rates for skeletal muscle (44) . Second, glutamine could function at the transcriptional level, as proposed for N. crassa and A. nidulans (31, 45) . At this level, several nitrogen-regulated activities are controlled in these fungi (4, 24, 28) . If G. fujikuroi has the same type of nitrogen control system, mutants affected in the major regulatory gene could be selected (3, 15, 31, 45) . The activities involved in both nitrogen catabolism and GA3 synthesis would no longer be nitrogen regulated in these mutants. Considering that G. fujikuroi and N. crassa are closely related ascomycetes (13) , it is reasonable that a similar mechanism of nitrogen control could operate in both fungi. The fact that several putative nitrogen-regulated activities showed low levels when glutamine was employed as the sole nitrogen source suggests that glutamine is the repressor of activities subject to nitrogen control in G.
fiujikuroi.
